Abstract. Increased arterial stiffness is associated with an increased risk of cardiovascular events. Estimation of arterial stiffness using local pulse wave velocity (PWV) promises to be very useful for noninvasive diagnosis of arteriosclerosis. In this work we estimated in an instrumented sheep, the local aortic pulse wave velocity using two sonomicrometry diameter sensors (separated 7.5 cm) according to the transit time method (PWV TT ) with a sampling rate of 4 KHz. We simultaneously measured aortic pressure in order to determine from pressurediameter loops (PWV PDLoop ), the "true" local aortic pulse wave velocity. A pneumatic cuff occluder was implanted in the aorta in order to compare both methods under a wide range of pressure levels. Mean pressure values ranged from 47 to 101 mmHg and mean proximal diameter values from 12.5. to 15.2 mm. There were no significant differences between PWV TT and PWV PDLoop values (451±43 vs. 447±48 cm/s, p=ns, paired t-test). Both methods correlated significantly (R=0.81, p<0.05). The mean difference between both methods was only -4±29 cm/s, whereas the range of the limits of agreement (mean ± 2 standard deviation) was -61 to +53 cm/s, showing no trend. In conclusion, the diameter waveforms transit time method was found to allow an accurate and precise estimation of the local aortic PWV.
Introduction
Cardiovascular disease is one of the most important causes of death around the world [1] . Increased arterial stiffness is associated with an increased risk of cardiovascular events [2] . Measurement of the changes in arterial diameter and pressure at the same site allows direct measurements of arterial stiffness [3, 4] . However, in clinical practice this is not easy to achieve. Alternative methods have emerged, being the pulse wave velocity (PWV) one of the most accepted [5] . From the Moens Korteweg relation, it is possible to relate the square of PWV, directly to the product of the elastic modulus and wall thickness, and inversely with the product of the arterial diameter and the density of blood [3] . PWV is commonly assessed over a given arterial segment length, such as carotid-femoral, carotid-radial or brachial-radial [5] . Many of these measurements are based upon simultaneous measurements of pressure or flow at two sites in the arteries and the determination of the time it takes a wave to propagate from one site to the other (transit time method) [5] . These measurements represent the average wave speed over the distance between the measurement sites. However, due to the non elastic and non geometric uniformity of the arterial tree, arterial stiffness is different in proximal and elastic aortas compared with distal and muscular arteries. Therefore, "local" PWV measurements, at specific arterial sites are desirable.
In clinical practice, ultrasound is frequently used to no invasively assess blood velocity, wall thickness and diameter waveforms [6] . Therefore, recently several methods emerged for the estimation of local PWV using ultrasound principles. Among others: a) the flow and area method (QA), in which the local PWV is estimated during a reflection free period of the cardiac cycle, as the ratio between the change in flow and the change in cross sectional area [7, 8] , b) the 2D distension waveforms method, in which multiple adjacent distension waveforms are determined simultaneously along a short arterial segment, using a single 2D-vessel wall tracking system with a high frame rate (651 Hz) [9] , c) tissue Doppler imaging method, in which a relatively new color Doppler modality for measuring tissue motion offers multiple recording sites along the artery [10] . However, none of these methods includes an exhaustive in vivo validation. In this work we propose to estimate in an instrumented sheep, the local aortic pulse wave velocity using two sonomicrometry diameter sensors according to the transit time method. We simultaneously measured aortic pressure in order to determine from pressure-diameter loops (PDLoop method considered as gold standard) [4] , the "true" local aortic pulse wave velocity. A pneumatic cuff occluder was implanted in the aorta in order to compare both methods under a wide range of pressure levels.
Material and methods

Animal instrumentation
A healthy corrediale sheep of 60 kg and 2 year old was used for the experiment. Surgery instrumentation was performed under general anesthesia premedicated with acepromazine (0.2 mg / kg) induced with thiopental sodium (20 mg/kg) and maintained with isoflurane (2.5% in pure oxygen at 2 L / min) with assisted mechanical ventilation (Neumovent 910). During surgery, blood pressure, electrocardiogram, capnography and heart rate were monitored (Siemens Sirecust 404-1). By two thoracotomies in the fourth and seventh intercostal left spaces, the proximal and distal thirds of the aorta were accessed to implant two pairs of ultrasonic crystals (5 MHz, 4 mm), for subsequent instantaneous diameter determination by sonomicrometry (Triton Technology Inc. San Diego, CA). Each pair of crystals was sutured in two places diametrically opposite in the adventitia of the aorta with 6-0 silk suture, with a separation of 7.5 cm between pairs. The optimal placement of the crystals was verified by the digital oscilloscope screen (Tektronix TOS 220, Tektronix Inc. Beaverton, USA). A pneumatic cuff occluder made from silicon rubber was implanted around the descending thoracic aorta, distal to the ultrasonic crystals. This ensured that no artifacts appeared in diameter measurements during aortic occlusions. After sensors implantation, wires were tunneled to emerge through a small hole in the skin at the back of the sheep, which was then sutured. Finally, the thoracotomies were closed by layers.
Experimental protocol and recordings
The study comprised the recording of instantaneous aortic pressure and aortic diameter signals. A high-fidelity pressure catheter (Millar Instruments Inc, Texas, USA) connected to an amplifier (Gould 6600 Series Transducer) was used to measure the pressure in the proximal third of the aorta. The catheter was advanced from the left brachial artery through a little incision, and was positioned near the proximal ultrasonic crystals. The pressure transducer had been previously calibrated in vitro in physiological saline at 37 °C with a pressure caliper (Xcaliber, Viggo-Spectramed, Oxnard. Cal.). The diameter signals were calibrated in millimeters using the 1-mm step calibration facility of the sonomicrometer. Aortic pressure and diameter signals were digitized at 4 KHz on a computer (PC Pentium IV 300 MHz) using an analog to digital converter (National Instruments Lab PC) and digitally stored for later analysis. The acquisition started with approximately 10 consecutive beats in basal state (CTL) and then the pneumatic occluder was inflated in order to obtain high-pressure values for a couple of seconds (OCL). Finally, the occluder was released in order to obtain low-pressure values (REL). In all cases, the instantaneous pressure-diameter loops were monitored and registered until stabilization was evidenced. This procedure was repeated several times.
Data analysis
Signals were processed using a proprietary software developed in our laboratory. Twenty eight pressure-diameter loops, corresponding to baseline, mechanical occlusion and release conditions were considered. For each cardiac cycle, systolic, diastolic and mean (average value computed from numerical integral of the waveform) values from pressure and diameter signals were obtained. Concomitantly, local arterial stiffness indexes were computed with the following indexes. Local arterial distension was calculated as:
where D s and D d are systolic and diastolic proximal diameters. Peterson modulus (E P ) was calculated as:
where P s and P d are systolic and diastolic blood pressures. For the assessment of PWW using pressure and proximal diameter waveforms (PWV PDLoop ) we considered the Bramwell-Hill equation [11] ,
where dV represent the change in volume (V) due to a change in pressure (dP), and δ blood density (1.06 g/cm3). For each cardiac cycle, the diastolic phase was separated from the pressure-diameter loops and the resulting diameter was adjusted to a logarithmic model, according to the following formula:
where α and β are two constant determined by the fitting procedure, and P the arterial pressure (See Figure 1) . Assuming a circular section for the artery, changes in volume and diameter are related according to [12] : (4) respect to pressure (dD/dP), using (5) and replacing in (3), pulse wave velocity was computed as:
In the same cardiac cycle, PWW was assessed using the transit time method (PWV TT ), computed as the ratio of the distance between the two diameter sensors (7.5 cm) and the temporal delay (∆T) between the two arterial diameter waves (see figure 1) , as:
We considered the foot (point of the onset of the wave) on each waveform as the reference point, and was determined using the intersecting tangent algorithm [13] . Pulse wave velocity computed using these reference points correspond to the diastolic PWV.
Data are expressed as mean ± standard deviation. Comparisons between variables were analyzed by paired Student-t test or ANOVA as appropriate. A value of p<0.05 was considered statistically significant.
Results
Mean pressure values ranged from 47 to 101 mmHg and mean proximal diameter values from 12.5. to 15.2 mm. Values of aortic pressure, aortic proximal diameter and aortic stiffness indexes during control, occlusion and release conditions are given in Table 1 .
Mean pressure increased by 40 % during OCL and decreased by 26 % during REL, compared to control values. Concomitantly, mean proximal diameter increased by 6% during OCL and decreased 
by 5% during REL. Aortic distension decreased by 25% during OCL and increased by 25% during REL. E p increased by 41% during OCL and decreased by 14% during REL compared to CTL. PWV increased by 17% for PWV PDLoop and 12% for PWV TT during occlusion, and decreased 9% for PWV PDLoop and 7% for PWV TT during cuff release, compared to control values. All these changes were statically significant (p<0.05)
There were no significant differences between PWV TT and PWV PDLoop values (451±43 vs. 447±48, p=ns, paired t-test). Figure 3 (left panel) shows PWV estimated by the transit time method plotted against PWV estimated by the PDLoop method. The methods correlated significantly (R=0.81, p<0.05). In figure 3 (right panel), the difference between the two methods is plotted against the average of the two methods. The mean difference between both methods was only -4±29 cm/s, whereas the range of the limits of agreement (mean ± 2 standard deviation) was -61 to +53 cm/s, showing no trend. 
Discussion
In this study we demonstrated the feasibility of estimating local PWV from two diameter waveforms. Undoubtedly, for a complete characterization of the arterial wall mechanics, a simultaneous assessment of arterial pressure and arterial diameter is required [4] . Therefore, we instrumented the aorta of a sheep with a pressure sensor and two diameter sensors. The use of a pneumatic cuff occluder, allowed a variation of the mean aortic pressure of ~56 mmHg. This is essential for comparison due to the pressure dependence of the mechanical properties of arteries. Figure 2 shows the typical nonlinear behavior of the arterial wall.
The procedure to determine PWV from pressure-diameter loops is based on the Bramwell-Hill equation. We assumed a circular section for the artery and that changes in volume and diameter are related according to equation (5) . This simplification is allowed because in unimpeded arteries length is constant so that change in volume during the cardiac cycle is caused by a change in luminal crosssectional area alone [12] . For practical purpose this relation can be expressed as a function of diameter. This is allowed if it is assumed that the artery lumen is circular in cross-section and that the change in diameter (dD) is small relative to the diameter. For the transit time method, considering a separation distance of 7.5 cm between sensors, a maximum PWV value of 556 cm/s and a sampling frequency of 4 KHz, the uncertainty in determining the time delay was less than 2%.
We found no significant differences between PWV TT and PWV PDLoop methods. The mean difference was only 4 cm/s, and 95% of the differences were less than two standard deviations, showing no trend. By other side, using the systolic and diastolic pressure and diameter values in equation (6), we determined a systo-diastolic variation of PWV of 13% during the cardiac cycle.
It is well known that PWV is strongly related to blood pressure [3] . An increase in blood pressure level will increase PWV. Our data confirmed this relationship. However, changes in PWV can not be only explained by changes in pressure. For example, comparing CTL and OCL condition, an increase of 40% in mean pressure caused a rise of only 17% in PWV. For the same increase in pressure, the Peterson modulus increased 41%, the mean diameter increased only 6% and the distension decreased 25%. By other side, comparing CTL and REL condition, a decrease of 26% in mean pressure caused a fall of only 9% in PWV.
Finally, further studies involving structural changes in the wall, and not just functional changes, will be necessary to demonstrate that the methodology remains valid.
Conclusion
The diameter waveforms transit time method was found to allow an accurate and precise estimation of the local aortic PWV in a wide range of pressure levels.
